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Charged particle tion measurements
at ast | energies

o ~picobarn = Low signal-to-noise ratio due to the Coulomb barrier between the interacting nuclei

measure G(E) over as wide a range as possible, then extrapolate down to E,!
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To give you the feeling what low signal-to-noise ratio means

LUNA — Phase I:

50 kV accelerator (1992-2001)

R. Bonetti et al.: Phys. Rev. Lett. 82 (1999) 5205
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@ lowest energy:
c~20fb =2 1 count/month

investigate reactions in solar pp chain

S-factor (ev barn)
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solar Gamow peak (abilrary units)
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@ lowest energy:.
o ~ 9 pb 2 50 counts/day

only two reactions studied directly at the Gamow peak
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... intrinsic limitation at astrophysical energies > 22>

Electron Screening

S(E) experimental enhancement due to the electron screening S(E).= S(E), eXp(TCnUe/E)
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screened

Coulomb potential

In astrophysical plasma:

- the screening, due to free electrons in plasma, can be different
- we need S(E), to evaluate reaction rates

A 3L
12 +
1nr

10 +

screened
U.=219eV

—> No way to measure S(E), from direct experiments at energies where screening is important

100

Sy(E)-factor extracted from extrapolation of higher energy data




Indirect Metho lear Astrophysics

- to measure cross sections at never reached energies (no Coulomb suppression), where the signal is below current detection sensitivity
- to get independent information on U,

- to overcome difficulties in producing the beam or the target (radioactive ions, neutrons..)

Quite straightforward experiment, no Coulomb suppression, no electron screening but ...

4 N

Several reaction .
Entrance channel Reaction products

mechanisms link
A+qg ) the bwo ) C+ic+...

channels

\_ J

The reaction theory is needed to select only one reaction mechanism. However, nowadays powerful techniques and observables for
careful data analysis and theoretical investigation.



Indirect Metho lear Astrophysics

- to measure cross sections at never reached energies (no Coulomb suppression), where the signalis below current detection sensitivity

- to get independent information on U,

- to overcome difficulties in producing the beam or the target (radioactive ions, neutrons..)

Coulomb Dissociation (CD), Asymptotic Normalization Coefficient (ANC) and Trojan Horse Methods (THM)

They share some common features: the astrophysically relevant two-body reaction at low energies is replaced by a high-energy reaction usually
with a three-body final state. In all cases a virtual particle (photon y or nucleus x) is transferred between the two subsystems in the reaction.

CD ANC THM

a=(b+x) b a=(b+x) b a=(b+x) b

Quite straightforward experiment, no Coulomb suppression, no electron screening but ...

4 N

Several reaction

Entrance channel Reaction products

mechanisms link
A+qg ) thetwo | NENEEED  C+C+...
channels
\ /

The reaction theory is needed to select only one reaction mechanism. However, nowadays
powerful techniques and observables for careful data analysis and theoretical investigation.




THM

Basic principle: relevant low-energy two-body o from quasi-free
contribution of an appropriate three-body reaction in quasi free kinematics

A+a—>b+B+s =2>=2>-2> A+x—>b+B

a: X @D s clusters

Quasi free mechanism

v only x - A interaction

v’ s = spectator (p.~0)

Ea> Ecou=> NO Coulomb suppression

NO electron screening

Eqs. = En— Bys % (intercluster motion) Eqr~0 !l

plays a key role in compensating for the beam energy

See for review:
R. Tribble et al., Rep. Prog. Phys. 77 (2014) 106901
A. Tumino et al. Ann. Rev. Nucl. Part. Sci. 71 (2021) 346



Theoretical

1es to the THM

A+a—>c+C+s 222 A+x—>c+C

PWIA hypotheses:

® beamenergy > a=x® s breakup Q-value
e projectile wavelength k! << x — s intercluster distance

MPWBA formalism

(S. Typel and H. Wolter, Few-Body Syst. 29 (2000) 75)

- distortions introduced in the c+C channel, but plane
waves for the three-body entrance/exit channel

- off-energy-shell effects corresponding to the
suppression of the Coulomb barrier are included

but No absolute value of the cross section

HOES

3 2
d’o d OxA —bB
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kinematical factor
momentum distribution of s inside a

d02,d0,dE, dE,,d02

Nuclear cross section for the A+x—C+c reaction

A. Tumino et al., PRL 98, 252502 (2007)



Theoretical ¢

hes to the THWM

R. Tribble et al., Rep. Prog. Phys. 77 (2014) 106901

The THM simple factorization can be deduced from the general
formula in the case of resonant reactions

Amplitude of the MPWA(Prior)(p k,1)) = (231,)2
TH reaction

This accounts for:

- HOES effects
- Normalization (very
useful for RIBS)

Moreover:

Possible generalization to
CDCC & DWBA

However = More
complicated!
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.JOr res . reactions

>
The A + a(x+s) — F*(c + C) + s process is a transfer to the S
continuum where particle x is the transferred particle

Standard R-Matrix approach cannot be applied to extract the resonance parameters = Modified R-Matrix is introduced instead

In the case of a resonant THM reaction the cross
section takes the form dQU F(Cc ( ) M[ ( )’2

dEc.dQ, (B — Ep)? + T2(E)/4

M;(E) is the amplitude of the transfer reaction (upper vertex) that can be easily calculated
—> The resonance parameters can be extracted

When transfer to a bound F state, M? is proportional to the ANC of the populated F state

Advantages:

= possibility to measure down to zero energy
* No electron screening

=" HOES reduced widths are the same entering the OES S(E) factor (New!)




Reactions studied with the THM.

Indirect reaction

Direct reaction
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12C+:

fusion

C-burning crucial phase in the nucleosynthesis of massive stars (> 8 M), determines M,,,, ignition trigger for superbursts and Type la supernovae

astrophysical energy: 1 -3 MeV

2C+12C > a + ®Ne

2C+12C > p+ BNa

From direct measurement, minimum E: 2.1 MeV

extrapolations differ by 3 orders of magnitude

without inclusion of resonances

Mazarakis (1973)
Spillane (2007)
Barron-Palos (2006)
High-Cujec (1977)
Kettner (1980)

B Tan (2020)

B Fruet (2020)

T\ Tumino (2018)
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Indirect measurement with THM down to 1 MeV: > H 1
12C(14N,0t2°Ne)?H and 12C(1*N,p%3Na)?2H. =, 1017 A ] a J
(14N,02°Ne) (1N,p%Na) 210 . \V//’\\\\& ’ :
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nature
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An increase in the ?C + 12C fusion rate e 1o 2.0 _ 25 gy 0
1022 b Ec.m. [MeV] 107b

from resonances at astrophysical energies

A. Tumino , C. Spitaleri, M. La Cognata, S. Cherubini, G. L. Guardo, M. Gulino, S. Hayakawa, I.
Indelicato, L. Lamia, H. Petrascu, R. G. Pizzone, S. M. R. Puglia, G. G. Rapisarda, S. Romano, M. L.
Sergi, R. Spartéd & L. Trache

Nature 557, 687-690 (2018)  Download Citation *
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Our Experi: with theTHM

12C(12C,a)®°Ne and 12C('2C,p)*3Na reactions via the Trojan Horse Method applied to the 2C(}4N,02°Ne)?H and
12C(14N,p23Na)?H three-body processes

’H from the *N as spectator s

Observation of 12C cluster transfer in the 12C(*4N,d)2*Mg" reaction (R.H. Zurm0(hle et al. PRC 49 (1994) 5)
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Compared to CF88, the present rate increases from a factor of 1.18 at 1.2 GK to a factor of more than 25 at 0.5 GK



Indirect measurement of the °F(p,ay)1°0 and direct

observation of the 11 keV resonance

Situation before THM experiment:

The JUNA found a huge increase in the rate of
the (p,ay) channel due to the occurrence of a
resonance at 11 keV based on their R-matrix
analysis

The resonance is so large that the effect
extends up to 0.1 GK, with potential impact on
several astrophysical scenarios

But the lowest energy points measured by the
deep undregroud were at 70 keV

70 keV Gamow energy corresponds to 50 MK
above the typical temperatures for fluorine
burning in AGB stars (<40 MK)
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L. Y. Zhang et al., PHYSICAL REVIEW LETTERS 127, 152702 (2021)
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Indirect measurement of the °F(p,ay)'®0 and direct observation of the
11 keV resonance

FROM THE THM CROSS SECTION...

828 keV

From the fitting of the THM cross section we deduce the

1 B 324 keV
i l Sum A-C B-D
z o8
= B
= -
-E 0.6 —
S B
E' -
< 0.4 < 1
@) m | 564 keV
= B 459 keV l 635keV' 790 kev
S 02 oo, |
0 - | I e *t ) |"’ ! ! “u.-‘l" “I-“"I ‘\'ia-"i' :fﬂ':l ‘:fi J‘:ﬂ g
0 0.2 0.4 0.6 0.8
E.m (MeV)

resonance strengths in arbitrary units.

Normalization to the most prominent peaks at 324 keV

and 828 keV

The measured strength of the 11keV resonance is 5.8
times smaller than the extrapolated values

...TO THE RESONANCE STRENGTHS

EX(keV) J*  w@y@EV)? doyEV)? oyEeV)® dJSwyEV)®

(1) 11 17 75%x107%  3x107%®  13x107%® 1.6x107%° |
() 2IZT7T 2 22XIU0 7 4XI0 T 23XI0 2 ZT7xI10

3) 32331 1t 23.1 0.9 24.5 1.8

(4) 45953 1T 9.5 0.7 11.4 1.3

(5) 56442 2 50 6 43.7 4.1

(6) 63531 1* 88 10 103.4 11.4

(7) 79053 2t 27 6 23.7 2.7

(8) 82817 2 785 32 664.2 59.0

(9) 887.14 1t 452 31 567.1 63.2

4 Strengths as reported in NACRE.

b Present-work strengths.
© Our analysis suggests this state is 2%,

Su X.D., M. La Cognata et al. PRL accepted




S factor (MeV b)

S factor (MeV b)

Indirect measurement of the °F(p,ay)’®0O and °F(p,y)?°Ne reactions

THE THM S-FACTORS

11 keV

(P, o)
ZhangPRC 2022
ZhangPRC 2022
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ZhangNature
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AND THE CALCULATION OF THE REACTION RATE

Su X.D., M. La Cognata et al. PRL accepted



Charge independence and charge symmetry

After removing the electromagnetic interactions, the NN force between nn, np, pp are almost the same

Charge independence: equality between pp/nn force and np force

Violation: associated to the mass difference between charged and neutral pions

(identical nucleons exchange a neutral pion, a neutron and a proton may exchange both a neutral and a charged pion)

Charge symmetry: equality between pp and nn forces

Charge symmetry breaking: mainly attributed to the up-down quark mass difference

Its validity is supported to some extent by an approximate equality of binding energies of isobar nuclei.

Charge symmetry breaking manifested in the s-wave scattering lengths, ay, that determine the low-energy behavior
of NN scattering.

a,, directly determined from experiments

a,, hot directly accessible from experiments because of Coulomb effects 2 need to remove them theoretically to
reveal the strong interaction contribution to the scattering length

a,, hot directly accessible from experiments because of the absence of neutron targets.

... We propose an innovative way to determine a,, >



Two-hody cro n from THM data

Red line: HOES p-p cross section

THM p-p cross-section from the p+d—> p+p+n quasi free reaction Black line: OES p-p cross section

Coulomb effects appear suppressed

a)

@ o present data
A x previous data from [15]

o (barn)

Calculated HOES p-p cross section:
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2
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]) A. Tumino et al. PRL 98, 252502 (2007) 10 "5 55—~ %
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A. Tumino et al. PRC 78, 64001 (2008) E,. [MeV]




nature > communications physics > articles > article

Article | Open Access | Published: 18 May 2023

Coulomb-free 1Sy p - p scattering length
from the quasi-free p + d - p + p + nreaction
and its relation to universality

Aurora Tumino &, Giuseppe G. Rapisarda, Marco La Cognata, Alessandro Oliva,

Alejandro Kievsky, Carlos A. Bertulani, Giuseppe D'Agata, Mario Gattobigio,

Giovanni L. Guardo, Livio Lamia, Dario Lattuada, Rosario G. Pizzone, Stefano

Romano, Maria L. Serqgi, Roberta Sparta & Michele Viviani

C = 1.822e —02+2783¢~% Table 1 Numbers of low energy parameters.

L
J NN aN(fm) rd (fm) aTHM(fm) roiM(fm)
np —23.08+0.02 2.77 £0.05
pp —-173+0.4 2.85+0.04 —1817+323 fm 2.80+0.05 fm
nn —-189+0.4 275£01
a = —-1.817e+01+2334¢-9}

r0 = 2.801e + 004359 -2
[} [} [}

T T T T T f T T t
J © b( v N S > N » v \\] > ©
A 9 Q v Ny oy >y © A S S [e)
©' 7 7 7 e R v R a s

C a (fm) r0 (fm)

Notice: the NN s-wave phase shift & contains all short range effects, including
the electromagnetic ones. This means that the present analysis of the HOES
cross section allows direct access to the short-range p-p interaction as a whole,
with its peculiar a,,and ry values.

We propose a new paradigm: to assess the charge symmetry breaking of the
short-range interaction as a whole, in line with the current understanding that, at
a fundamental level, the charge dependence of nuclear forces is due to a
difference between the masses of the up and down quark and to electromagnetic
interactions among the quarks.



We can exploit universal concepts to better interpret the results, now that Coulomb effects have been removed from
the p-p system.

Notably, in the universal window the dynamics is largely independent of the details of the interaction. It is
dominated by the long-range behavior allowing for a description based on few parameters.

We construct a two-parameter Gaussian NN interaction with fixed range, valid for s-wave in the spin singlet channel

—y2 [y2 efz\u’N
V() = Vye e 4 P
with NN = nn, np, pp and e2.

the Gaussian form selected to represent the short-range interaction is not relevant, other choices are acceptable as
well. Very recently a new calculation using the Eckart potential that exactly represents the S-matrix for the NN
system in the universal window (S-matrix is equivalent to the effective range expansion up to the second order):

A2 ﬁe—r/R

c s L1, = =2
VE k(ﬁ R ?‘) mRQ (1 —I_/BG_TXR):‘)

_ B
a=4R B—1 NN a®v (fm) ry (fm) al M (fm) | rfH7M (fm) a®" (fm) rg” (fm)
np | -23.08 £ 0.02 | 2.77 & 0.05 -23.74+ 0.02 | 2.80 + 0.08
811 pp | -17.3+£04 | 2.85+0.04 | -18.177 555 | 2.80+£0.05 | -17.9 £ 0.5 | 2.85 & 0.09
ro = 2R3~ nn | -189+04 | 275 £0.11 -18.6 £ 0.4 | 2.85 £ 0.08

A. Tumino, A Kiewsky et al. Few Body Systems 2025




The universal window shows the location of the different NN systems
using the numbers here obtained: the coordinates are given by

[X, Y] = [ro/as, ro/a]
1 1 1r,

With a; given by _
ag a 2aj

From low-energy effective range plus S-matrix pole equation

Interestingly, they lie on the curve y = x = 0.5x2 verifying the correlation as

above.

rO/a

0.4

0.3

0.1

-0.1
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-0.4

0.2

deuteron

+
nn O

pp0°

The NN systems are well determined by the corresponding experimental values, and have a precise position along the

y(x) curve.

Using the property highlighted here that the systems move along the universal curve, it is possible to reduce the model
dependence in the determination of the scattering parameters as produced by the short-range part of the interaction

without discriminating between nuclear and electromagnetic.
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Another topic ... moving up with the 12C excitation energy ...

...via the 6Li + °Li > 3a reaction at 3.1 MeV

6Li»ﬁl_i=28.|?‘Q
98+1.27.366

o

Upper part of 12C level scheme

(150°)
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7777777577

30.29. . . .
29.21:'2:91.6'5" T3
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Evidence: events with correlated a’s fed by two and
even three 8Be in the same event

- existence of a-trimers (?)

We are at an excitation energy of 2C of about 29.6 MeV (°Li + °Li
threshold: 28.17 MeV, center-of-mass beam energy at half target:

1.4 MeV).

However, energy comes from the Q-value




Event projection onto the Eij (i, j = 1,2,3) relative energy axis:
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A. Tumino et al. PLB (2015) 59 taking advantage of their huge widths



Can this alpha correlation be connected with the Efimov mechanism?

Efimov mechanism: is an effect in the quantum
mechanics of few-body systems predicted by Efimov
in 1970.

Efimov idea: A system of three particles with
resonant two-body interactions may form bound
states, the so called Efimov trimers, even when any
two of the particles are unable to bind.

First experimental evidences in 2005 in an ultracold
atomic systems. Further proofs ...

No observation exists yet in nuclei
However several studies in two-neutron halo-nuclei,

such as Li and 22C

Future experiments to check the situation in 12C:
10B+d, 12C(a,a’) to check the existence of a possible
state below the Hoyle one.

Efimov has predicted the possibility of existence of
trimers in a system of three a-particles, with a
maximum radius of attraction of the order of the
Bohr radius, a.=1/e?, due to the repulsive long-range
Coulomb potential.



Conclusions

Indirect methods are unique tools to investigate reactions at energies difficult to study otherwise

Still great potential for future applications (also beyond astrophysical applications)

Thank you for your attention!
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